Money TGA, Rodgers CI, McGregor SMK, Robertson RM. Loss of potassium homeostasis underlies hyperthermic conduction failure in control and preconditioned locusts. . At extreme temperature, neurons cease to function appropriately. Prior exposure to a heat stress (heat shock [HS]) can extend the temperature range for action potential conduction in the axon, but how this occurs is not well understood. Here we use electrophysiological recordings from the axon of a locust visual interneuron, the descending contralateral movement detector (DCMD), to examine what physiological changes result in conduction failure and what modifications allow for the observed plasticity following HS. We show that at high temperature, conduction failure in the DCMD occurred preferentially where the axon passes through the thoracic ganglia rather than in the connective. Although the membrane potential hyperpolarized with increasing temperature, we observed a modest depolarization (3-6 mV) in the period preceding the failure. Prior to the conduction block, action potential amplitude decreased and half-width increased. Both of these failure-associated effects were attenuated following HS. Extracellular potassium concentration ([K ϩ ] o ) increased sharply at failure and the failure event could be mimicked by the application of high [K ϩ ] o . Surges in [K ϩ ] o were muted following HS, suggesting that HS may act to stabilize ion distribution. Indeed, experimentally increased [K ϩ ] o lowered failure temperature significantly more in control animals than in HS animals and experimentally maintained [K ϩ ] o was found to be protective. We suggest that the more attenuated effects of failure on the membrane properties of the DCMD axon in HS animals is consistent with a decrease in the disruptive nature of the [K ϩ ] o -dependent failure event following HS and thus represents an adaptive mechanism to cope with thermal stress.
I N T R O D U C T I O N
Variations in temperature have profound effects on neural function and behavior. Exposure to extreme temperature leads to dysfunction of the nervous system, endangering organismal survival in advance of cellular death (Armstrong et al. 2006; Tryba and Ramirez 2003) . High temperature disrupts the properties of proteins (Janssen 1992; Kiyatkin 2005) and membranes (Hazel 1995; Hochachka and Somero 2002) . Thermosensitivity in CNS function results from temperature-dependent changes in the kinetics of ion channels that underlie action potentials (APs) and synaptic events (Janssen 1992; Montgomery and McDonald 1990) . These temperature effects result in conduction failures at the limits of the range (Wu et al. 2001) . Despite these constraints, many ectothermic animals are able to thrive under both extreme and variable temperatures.
Physiological mechanisms that compensate for mild, longterm changes in ambient temperature have been well described (Hochachka and Somero 2002) . Shorter-term plasticity, on the scale of hours to days, has also been described and neuronal responses to temperature can be rapidly modified by experience with adaptive behavioral consequences. Prior exposure to a short-term, high but sublethal temperature (heat shock [HS] ) can extend the operating range of neural processes (Marcuccilli and Miller 1994; Robertson et al. 1996) . Invertebrates, particularly the locust, have been useful models for studying the mechanisms of this functional neuroplasticity (Robertson 2004) . Heat shock extends the operating range of locust neural circuits (Dawson-Scully and Robertson 1998; Gray and Robertson 1998; Wu et al. 2001 ) and induces behavioral thermotolerance of flight rhythms (Robertson et al. 1996) and escape jumping (Barclay and Robertson 2000) . These effects are correlated with HS-induced changes to multiple components critical to signaling, including central synapses (Dawson-Scully and Robertson 1998) , neuromuscular junctions (Barclay and Robertson 2000; Klose et al. 2004) , and APs (Money et al. 2005; Wu et al. 2001) . The events that precipitate failure, however, and how the observed changes following HS lead to improved function at high temperature are not well understood.
Decreased amplitude and duration of APs at high temperature are thought to contribute to conduction failures (Lüscher et al. 1983; Stoney Jr 1990; Westerfield et al. 1978) . Conduction failure can also occur due to a buildup of extracellular potassium concentration ([K ϩ ] o ), particularly at axon branch points (Smith 1980) . Plasticity in the shape of APs can permit animals to cope with a changing thermal environment (Rosenthal and Bezanilla 2002) . Likewise, following HS the axon of a visual interneuron, the descending contralateral movement detector (DCMD), shows APs with increased amplitude and excitability in addition to improved thermotolerance (Money et al. 2005 (Money et al. , 2006 . The effects of HS on AP properties may thereby be an important mechanism for maintaining function under heat stress. Using the locust DCMD as a model neuron for studying active conduction in the axon, we examine differences in conduction failure between control and HS animals. Here we show that HS-induced changes are found in the properties of the APs when temperature-dependent conduction failure occurs. The difference in conduction failure between control and HS animals can be explained by changes observed in the handling of [K ϩ ] o accumulation. We suggest that these differences allow HS animals to attenuate the effects of the failure, thereby promoting maintained signaling.
M E T H O D S

Preparation
Adult male locusts (Locusta migratoria) used in these experiments were 2-4 wk past the imaginal ecdysis and were obtained from a crowded colony maintained on a 12:12 light:dark cycle within the Department of Biology at Queen's University. Room temperature in the colony was set to 25°C. Animals were separated into two treatment conditions: heat shock (HS) and control. Prior to experimentation, HS animals were placed in a humid incubator at 45°C for 3 h followed by a 1-h recovery at room temperature. Control animals were left at room temperature for 4 h before use. All experiments were performed within 10 h after removal from the colony. For all experiments, a semi-intact deafferented locust preparation was used as described elsewhere (Robertson and Pearson 1982) . The wings and legs were amputated and the dorsal surface of the pronotum was removed. Following a dorsal midline incision, the locust was pinned on a corkboard, the gut and overlying tissue were removed, and the thoracic nervous system was exposed. The mesothoracic and metathoracic ganglia were raised and supported on a flat stainless steel plate. The semi-intact preparation was perfused with standard locust saline (in mM: 147 NaCl, 10 KCl, 4 CaCl, 3 NaOH, 10 HEPES). Saline was delivered to the preparation using a peristaltic pump (Peri-Star; World Precision Instruments [WPI], Sarasota, FL) at a rate of 10 ml/min. A glass inlet pipette was placed into the preparation just posterior to the head of the animal and saline was directed from the top of the thorax out through a cut made in the abdomen. In experiments where the bath saline was manipulated, the sides of the mesothoracic ganglion were cut to ensure full diffusion of the saline to the local axon environment. The temperature of the saline flow was controlled and monitored using an HCC-100A bath temperature controller (Dagan Instruments, Minneapolis, MN).
Recordings
APs of the descending contralateral movement detector (DCMD) were recorded both extracellularly from the thoracic cord as well as intracellularly immediately posterior to the mesothoracic ganglion. Borosilicate microelectrodes were fabricated using a Model P-95 Flaming/Brown micropipette puller (Sutter Instruments, Novato, CA). Extracellular electrodes were sized by cleanly breaking the tip, fitted onto a suction electrode holder (A-M Systems, Everett, WA), and mounted on a three-plane coarse manipulator (Taurus manipulator; WPI). Placement of the anterior extracellular electrode was midway between the prothoracic and mesothoracic ganglia, onto the mediodorsal aspect of the nerve cord. The posterior extracellular electrode was positioned close to the anterior of the metathoracic ganglion, also angled on the medioventral surface of the nerve cord. At both places, the electrodes were held steady by the use of a small amount of negative pressure applied through the pipette. Extracellular signals were amplified with a Grass P15 AC preamplifier (Grass Instruments).
Intracellular microelectrodes were filled with 1 M KAc (20 -60 M⍀) and recordings were amplified using a Neuroprobe Amplifier (model 1600; A-M Systems). A silver chloride wire was placed in the bathing solution and connected to ground to complete the circuit. Penetrations were made immediately posterior to the mesothoracic ganglion, on the medioventral surface at the point where the nerve cord enters the ganglion. The site was chosen because of the relative ease of access into the DCMD axon at this point compared with within the ganglion. The DCMD neuron was easily identifiable on penetration because movement within the locust's visual field contralateral to the recording site resulted in robust spiking of large-amplitude APs. Successful DCMD penetrations were given 5-10 min to stabilize before beginning the experiment. Recordings were saved to computer using pClamp 9.0 (Axon Instruments) for off-line analysis.
Measurement of extracellular potassium
Extracellular potassium concentration ([K ϩ ] o ) was measured using a K ϩ -sensitive and reference electrode pair inserted inside the thoracic ganglion, at a dorsal midline position to be in close proximity to the DCMD axon. The ion-sensitive electrodes were fabricated as reported elsewhere (Rodgers et al. 2007 ). Briefly, unfilamented capillary tubes (WPI) were cleaned with methanol (99.9%) and dried before being pulled to a low resistance (5-7 M⍀). The inner glass surface was then made hydrophobic by exposure to dichlorodimethylsilane (99%) (Sigma-Aldrich) vapor. The electrode tips were filled with potassium ionophore I-Cocktail B (5% Valinomycin; Sigma-Aldrich) and backfilled with 500 mM KCl. Reference microelectrodes were also pulled to a low resistance (5-7 M⍀) and then filled with 3 M KCl. Both the K ϩ -sensitive and reference electrodes were connected to a pH/Ion amplifier (Model 2000; A-M Systems, Carlsborg, WA). Electrode voltage responses were calibrated at room temperature in 15 and 150 mM KCl solutions. The actual [K ϩ ] o was obtained from the amplifier voltage using the following Nernst equation rearrangement ͓K ϩ ͔ o ͑mM͒ ϭ 15 ϫ 10 measured voltage/calibration slope͑ϳ58͒
Analysis
APs in the DCMD axon were recorded throughout the temperature ramp and analyzed during failure. Over the course of the experiment APs were generated through intermittent unstructured stimuli (i.e., hand waving in the field of view and not a true looming stimulus). Responses to the unstructured stimuli showed no obvious decline over time at room temperature. Responses were muted at higher temperatures, although this was not analyzed quantitatively. This qualitative finding is in accordance with previous findings that spike counts in response to a structured looming stimulus also decline with increased temperature (Money et al. 2005 ). In the standard extracellular recording arrangement used in these experiments, where one extracellular electrode was placed anterior to the mesothoracic ganglion and one extracellular electrode was placed posterior to this ganglion, conduction failure was assessed as the loss of the DCMD signal from the extracellular electrode posterior to the mesothoracic ganglion, whereas DCMD activity was still clearly visible in the anterior recording. This pattern of activity is indicative of a conduction failure through the mesothoracic ganglia, whereas upstream AP conduction fidelity remains intact. Recordings were made throughout a ramped increase in temperature until failure. All efforts were made to apply the temperature ramp to the preparation at a rate of 5°C every 2 min. At failure, the temperature ramp was turned off and the preparation was allowed to return to room temperature. During subsequent analysis, all effects of failure on resting membrane potential and AP properties were measured relative to spikes taken from the previous predetermined temperature prior to a clear depolarization in membrane potential (in 5°C increments: 25, 30, 35, 40, and 45°C 
APs show HS-dependent plasticity during hyperthermic conduction failure
At high temperature, APs failed to conduct down the DCMD axon from the brain to the thorax. We show that during a ramped increase in thoracic temperature, failure in the DCMD axon occurs within the mesothoracic ganglion. Visually stimulated APs were readily recorded anterior to the ganglion, but were lost posteriorly (Fig. 1A) . In recordings made intracellularly from the ganglion, this loss of conduction occurs as an abrupt drop in AP amplitude at the point at which the posterior signal is lost (failure). Prior to the complete failure, we routinely viewed transient losses of conduction reliability. Groups of APs were lost through the ganglion, whereas others were able to conduct successfully (Fig. 1B) . The temperature at which the DCMD conduction failure occurred could be increased by exposing the animal to a preconditioning heat shock (HS; 3 h, 45°C; Fig. 1C ). Temperature naïve animals failed at a mean 40.1 Ϯ 1.1°C, whereas HS animals had a significantly elevated mean failure temperature of 46.0 Ϯ 0.9°C (t-test, t ϭ 4.11, P Ͻ 0.001, df ϭ 20).
We next examined AP changes in the period immediately prior to the failure event. As found previously (Money et al. . At the ganglion, APs showed a loss of amplitude (middle trace), indicating an abrupt shift at failure from active to passive conduction. Confirming the conduction failure, the loss of amplitude occurred simultaneously with a loss of the AP from the extracellular record in the connective posterior to the ganglion (bottom trace). The resting potential depolarized prior to failure. This depolarization was associated with a reduction in AP amplitude during the period preceding the conduction block (arrow). Asterisk indicates artifact due to cessation of temperature ramp. B: there was a loss of conduction reliability prior to complete conduction failure. Conduction appeared normal anterior to the ganglion (top trace). Some APs within a burst fail to conduct through the ganglion and appeared as small APs in the intracellular trace (middle and bottom traces). Arrows indicate conduction failure. C: the temperature at which the axonal conduction failure occurred was significantly higher following heat shock (HS) than that in control animals. D: control animals showed significantly more depolarization at failure than HS animals. 2005), the membrane potential gradually hyperpolarized with increasing temperature. The resting potential prior to failure was significantly more hyperpolarized in HS compared with control, reflecting the higher failure temperature of HS animals. Resting means were Ϫ74.2 Ϯ 2.8 mV in HS and Ϫ62.7 Ϯ 2.5 mV in control animals (t-test, t ϭ 3.11, P Ͻ 0.01, df ϭ 19). In the period prior to failure (ϳ1 min), however, we found that the DCMD depolarized in both control and HS animals. The mean depolarization was 5.7 Ϯ 0.9 mV for control animals and significantly lower following HS at 3.0 Ϯ 0.9 mV (Fig. 1D ; t-test, t ϭ 2.20, P Ͻ 0.05, df ϭ 20).
Failure was further associated with a change in the shape of APs during the period immediately prior to complete failure. As the membrane depolarized, the amplitude of APs decreased and the half-width increased. The shape change was not uniform throughout the AP, but rather occurred as a separation of the AP into two distinct components ( Fig. 2A) . When failure occurred, it appeared to reflect a maintained initial rise component, with the secondary rising phase being lost. Accordingly, the initial component is interpreted as a passive conduc-tion of the AP from the point of low safety factor, followed by an active component with a slowed conduction velocity ( Fig. 2A) .
The amplitude of APs measured prior to the depolarizing failure event was not significantly different at 55.1 Ϯ 2.8 mV in control animals and 59.1 Ϯ 4.2 mV following HS (t-test, t ϭ 0.83, P ϭ 0.42, df ϭ 19). The relative amplitude (amplitude immediately prior to failure compared with before depolarization), however, decreased significantly more in control animals than in HS animals, with mean relative amplitudes of 0.7 Ϯ 0.1 and 0.8 Ϯ 0.1, respectively ( Fig. 2B ; t-test, t ϭ 2.45, P Ͻ 0.05, df ϭ 19). Likewise, prior to the depolarizing failure event the half-widths of control and HS animals were not significantly different (control ϭ 0.27 Ϯ 0.04 ms; HS ϭ 0.21 Ϯ 0.02 ms; Mann-Whitney rank-sum test, P ϭ 0.37). Relative half-width in control animals was significantly longer at 1.3 Ϯ 0.1 compared with 1.1 Ϯ 0.1 following HS (Fig. 2C ; t-test, t ϭ 2.14, P Ͻ 0.05, df ϭ 19). We found these differences between control and HS reflected a consistent change in the shape of the AP waveform for control animals toward the development of the delayed rise component described in Fig. 2A . APs were compared immediately prior to conduction failure (black asterisk) relative to the period prior to the depolarizing failure event (filled diamond) as well as following failure (gray asterisk). Traces shown were recorded in a fixed-length mode, triggered off the rising phase of the AP. Gaps indicate the actual time between successive recording events. Actively conducting DCMD spikes (black line in overlay) had rising phases with a delayed peak compared with spikes at the prior time point (dotted line in overlay). Spikes that failed to conduct through to the extracellular electrode (gray line in overlay) had identical early rising phases compared with the delayed spikes, but lacked the secondary peak. Active conduction was lost simultaneously with the removal of the delayed component from the AP. The component of the failed spike remaining in the intracellular trace is interpreted as the passively decaying AP. Spikes in control animals had reduced amplitude (B) and longer half-width (C) than those of HS animals.
Failure associated with a rise in extracellular potassium
It was recently shown that ventilatory circuit failure at high temperature in the locust is accompanied by a dramatic rise in extracellular potassium ([K ϩ ] o ; Robertson 2004; Rodgers et al. 2007) . We found that the thermally induced conduction failure in DCMD was also preceded by a rapid surge in [K ϩ ] o and recovered with declining [K ϩ ] o following the reduction in thoracic temperature (Fig. 3) . At failure, background activity recorded in the ventral nerve cord was dramatically reduced ( Fig. 3) , indicating that nervous function in the ganglion is broadly affected during the [K ϩ ] o surge. The effect of temperature on [K ϩ ] o differed between control and HS animals, both throughout the temperature ramp and during the [K ϩ ] o surge at failure. As bath temperature was increased, the [K ϩ ] o within the mesothoracic ganglion decreased slightly in control animals (⌬ ϭ Ϫ1.4 Ϯ 0.6 mM) but lowered significantly more in HS animals ( Fig. 3B; ⌬ failure in the ganglion was significantly smaller in HS animals, with peak levels of [K ϩ ] o reaching 36.8 Ϯ 3.1 mM in control animals and 24.5 Ϯ 3.0 mM in HS animals ( Fig.  3C ; t-test, t ϭ 2.62, P Ͻ 0.05, df ϭ 25). Similarly, the net change in [K ϩ ] o during the surge is smaller following HS (control ϭ 27.3 Ϯ 2.9 mM; HS ϭ 17.0 Ϯ 3.2 mM; t-test, t ϭ 2.31, P Ͻ 0.05, df ϭ 25).
Experimentally raising [K ϩ ] o to 40 mM induced failure in the DCMD with a highly similar appearance to hyperthermic conduction failure (Fig. 4, A and B) , including membrane depolarization and broadened spikes immediately prior to failure. This indicates that a rise in extracellular [K ϩ ] o is sufficient alone to induce conduction failure and strongly supports a loss of ion balance as the main factor leading to conduction failure in the axon. Membrane potential shifted significantly from Ϫ57.2 Ϯ 1.0 mV before the application of high-K ϩ saline to Ϫ44.2 Ϯ 2.0 mV prior to 40 mM K ϩ -induced failure (Fig. 4C;  paired t-test, t ϭ 9.68, P Ͻ 0.001, df ϭ 10) . Spikes also show significant broadening at failure associated with the high-K ϩ saline, with AP half-widths of 0.41 Ϯ 0.02 ms in normal saline . Bath application of high-potassium saline (40 mM) induced a hyperthermic-like conduction failure. A: following bath application of high-potassium saline (40 mM K ϩ ), the resting potential slowly depolarized over a period of 1-2 min (top). With continued time in the 40 mM K ϩ the AP amplitude attenuated, leading to a conduction failure (arrows), as confirmed in the extracellular trace (bottom) recorded posterior to the intracellular site. B: AP shape taken at the 3 time points shown in A by color-coded asterisks: prior to high-K ϩ saline (black), during high K ϩ but still actively conducting (dark gray), and following conduction failure in high K ϩ (light gray). Traces are shown as paired intracellular (top) and extracellular (bottom) recordings taken from the same animal. The presence of a delayed active component in these APs prior to failure bears a strong resemblance to the events that precede thermal failure. During the failure event in 40 mM K ϩ , the resting membrane potential depolarizes (C) and the half-width of APs increases (D).
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MONEY, RODGERS, McGREGOR, AND ROBERTSON and 0.62 Ϯ 0.05 ms prior to failure ( Fig. 4D ; paired t-test, t ϭ 5.03, P Ͻ 0.001, df ϭ 10).
To test the effect of [K ϩ ] o on DCMD thermotolerance within the ganglion, we manipulated its concentration in the saline bath. In these experiments, the sides of the ganglion were cut to ensure full exposure of the DCMD axon to the manipulated saline. We found that control animals exposed to increased [K ϩ ] o saline (15 mM) had significantly reduced failure temperatures, lowered from 42.9 Ϯ 1.0 to 35.1 Ϯ 2.4°C (Fig. 5; t-test, t ϭ 3.43, P Ͻ 0.01, df ϭ 16) . This effect was mitigated following HS, where failure temperature was decreased to 44.3 Ϯ 1.1°C (Fig. 5 ; t-test: control, 15 mM K ϩ vs. HS, 15 mM K ϩ , t ϭ 3.45, P Ͻ 0.01, df ϭ 12). This result suggests that, whereas control animals experienced increases in [K ϩ ] o at lower temperatures than HS normally, both were sensitive to local K ϩ concentration and the effects of temperature and 15 mM K ϩ were roughly additive. It also appeared that the reduction of failure temperature in HS caused by 15 mM K ϩ was less than the reduction in control, suggesting that HS animals were less sensitive to the effects of increased K ϩ . Indeed, when the local K ϩ concentration was held at 10 mM through the use of incisions to the ganglion, control animals had failure temperatures that were statistically equal to those of intact HS animals (control, 45.7 Ϯ1.7°C; HS, 49.3 Ϯ 1.2°C; t-test, t ϭ 1.77, P ϭ 0.10, df ϭ 13). The ganglion thus acts to contain local changes in [K ϩ ] o during thermal stress. The [K ϩ ] o rise contributed to conduction failure in the more sensitive control animals, whereas HS animals were able to function under higher [K ϩ ] o environments. We suggest that this is further indicative of an increased ability of HS animals to maintain ion balance in response to temperature stress.
D I S C U S S I O N
We have shown that temperature-dependent conduction failure in the DCMD axon occurs as APs propagate through the thoracic ganglia. Axonal branch points have been shown to be areas of low safety factor for AP conduction (Swadlow et al. 1980) . Because the mesothoracic ganglion is the first significant branching of the DCMD within the thorax, it is consistent that it was this region that was most susceptible to conduction failure in these experiments. Temperature has been shown to strongly shift the reliability of APs through branch points, with higher temperatures increasing the likelihood of failure (Westerfield et al. 1978) . Failure has been attributed in part to the direct effect of temperature on AP-generating currents (Janssen 1992), which decrease the amplitude and duration below levels permissive for active propagation. Experimentally injecting hyperpolarizing current has been shown to cause recovery in failed spikes (Grossman et al. 1979) , indicating that the direct effects of temperature on mechanisms of AP generation do play a role in failure in some cases. Our data indicate that although temperature clearly has direct effects on APs in the DCMD axon, these do not appear primarily responsible for the conduction failure observed at high temperature. Likewise, differences in the AP properties of control and HS animals with increasing temperature (Money et al. 2005) do not directly account for the different failure temperatures of these two groups.
We found that a significant rise in [K ϩ ] o occurs immediately prior to thermal conduction failure. Failure can also be induced by high [K ϩ ] o alone and this event shares many characteristics with thermal failure. Dysregulation of ion balance occurs after a variety of stresses, including thermal, mechanical, and hypoxic stress (Gladwell 1976; Somjen 2002) . In invertebrates, increased temperature can result in a raised [K ϩ ] o and these changes are associated with conduction failure and death (Gladwell 1976) . During high-frequency activity, local increases in extracellular potassium can result in failure at branching regions (Grossman et al. 1979) . The failure event in DCMD is associated with a small depolarization and strong spike amplitude attenuation. Indeed, Grossman et al. (1979) showed that experimentally increased [K ϩ ] o could lead to conduction failure and resulted in similar depolarizations to those seen in this study.
The shifts observed in the resting membrane potential coincide with measured changes in [K ϩ ] o and thus likely result from changes in potassium equilibrium potential. The major contributor to a net increased [K ϩ ] o during the failure event is unclear, but could be due to reduced buffering capacity by glia (Xiong and Stringer 1999) . Further, restriction in the extracellular domain may occur during thermal stress through cell swelling, which would exacerbate the local potassium concentration. Although both control and HS animals fail via the same [K ϩ ] o -dependent process, HS animals experience this failure not only at a higher temperature, but also less severely. HS animals show lower levels of depolarization at failure and maintain both amplitude and half-width of DCMD spikes better than in control animals. The reduced depolarization at failure following HS is likely a direct consequence of the muted [K ϩ ] o surge found in these animals. Also, we found that [K ϩ ] o decreases more substantially in HS animals during the temperature ramp. This fits with the previous observation that the DCMD axon is more hyperpolarized in HS animals at high temperature compared with control animals (Money et al. 2005) . Hyperpolarization improves Na ϩ -channel recovery from inactivation, allowing more Na ϩ conductance to participate in action potential propagation (Nicholls et al. 1992 ). The HS-induced hyperpolarization demonstrates the presence of a stronger ionic gradient in HS animals and this may act as a mechanism to prevent Na ϩ -channel inactivation, permitting function at higher temperatures.
Temperature increases activity in most neural circuits, increasing the local [K ϩ ] o that must be pumped back into neurons or otherwise cleared from the extracellular space. In the locust, the sheath surrounding the ganglion acts as a barrier to diffusion, which may further contain increases in [K ϩ ] o , lowering the safety factor for DCMD conduction. Under normal conditions ion balance is readily maintained by a range of ion pumps and the activity of the Na ϩ pump of axons and glia shows a healthy Q10 (Ransom et al. 2000) . High temperatures, however, can negatively affect the function of such ion pumps (Sardella et al. 2004 ), leading to thermal inactivation that can be prevented by HSP70 binding (Fu and Tupling 2009). Whereas similar surges in [K ϩ ] o are clearly sensitive to tetraethylammonium-sensitive K ϩ channel and Na ϩ pump activity (Rodgers et al. 2009 ), it is likely that the thermal disruption and the ensuing ion dysregulation could recruit other mechanisms exacerbating the problem in a positive feedback fashion. Investigation of these downstream mechanisms remains to be done.
Reduced Na ϩ /K ϩ -ATPase function has been implicated during a number of stress-related phenomena, including spreading depression (Somjen 2001) , epileptiform bursting activity (Grisar et al. 1992; Vaillend et al. 2002) , glutamate excitotoxicity (Stelmashook et al. 1999) , and mechanical trauma (Ross and Soltesz 2000) . A variety of triggering mechanisms has been suggested for this reduction, primarily anoxia/glucose deprivation (Leppanen and Stys 1997; Malek et al. 2005) . Such a rapid depolarization leading to failure is often found to be damaging for neurons due to the excitotoxic effects of calcium influx (Norris et al. 2006; Ross and Soltesz 2000) . A temperature-stress-dependent loss of pump activity could contribute to the [K ϩ ] o buildup and subsequent depolarization seen in DCMD at failure. The locust DCMD, however, shows much less depolarization compared with reported Na ϩ /K ϩ -ATPasedependent failures (Malek et al. 2005) , particularly following HS. Further, following HS, neural circuits in the locust require less time to recover from a hyperthermic failure (Armstrong et al. 2006; Newman et al. 2003) . The attenuated size of the potassium surge in HS animals may help to restore ionic balance faster by putting less load on the Na ϩ /K ϩ -ATPase pumps, thereby speeding cellular recovery. The reduced depolarization at failure following HS could be viewed as protective because it allows for sustained conduction during the failure event. Importantly, by curbing a severe change in V m the locust DCMD may prevent reaching a critical point after which excitotoxic damage is done to cells.
